Field investigations of an ancient fortress wall in southern Myanmar reveal an offset of ∼6 m across the Sagaing fault, the major right-lateral fault between the Sunda and Burma plates. The fault slip rate implied by offset of this 16th-century fortress is between 11 and 18 cm yr -1 . A palaeoseismological excavation within the fortress reveals at least two major fault ruptures since its construction. The slip rate we obtained is comparable to geodetic and geological estimates farther north, but is only 50 per cent of the spreading rate (38 mm yr -1 ) at the Andaman Sea spreading centre. This disparity suggests that other structures may be accommodating deformation within the Burma Plate. We propose two fault-slip scenarios to explain the earthquake-rupture history of the southern Sagaing fault. Using both small offset features along the fault trace and historical records, we speculate that the southern Sagaing fault exhibits a uniform-fault-slip behaviour and that one section of the fault could generate a M7+ earthquake within the next few decades.
I N T RO D U C T I O N
The long, partially preserved record of civilization in Myanmar (Burma) provides an unusual opportunity to understand the recent behaviour of some of its active faults. In particular, inscriptions on some Buddhist religious shrines (pagodas) record damages and renovations through about the past 2000 years (Win Swe 2006) . These could give palaeoseismologists a great advantage in determining the timing and recurrence intervals of historical earthquakes, especially if they can determine the seismic sources for these historical events.
Thus, we initiated palaeoseismic work in Myanmar with the hope that the precise timing of pagoda destructions would provide exceptional constraints on the recurrence characteristics of large seismic events on the 1200-km-long strike-slip Sagaing fault.
The Sagaing fault is one of the great strike-slip faults of Southeast Asia, bisecting Myanmar from north to south (Fig. 1a; Curray et al. 1979; Le Dain et al. 1984) . The fault is the principal right-lateral boundary between the Sunda and Burma plates (Curray et al. 1979; Bird 2003; Curray 2005) . Its southern terminus is at the Andaman Sea spreading system, and its northern end fans out towards the Eastern Himalayan syntaxis (Curray 2005) . Like the San Andreas fault in California but in contrast to the great Sumatran fault in Indonesia (Sieh & Natawidjaja 2000) , its trace is remarkably smooth and continuous (Le Dain et al. 1984) . This smooth geometry likely reflects very large total offsets.
Brown and Chhibber (Brown et al. 1931; Brown & Leicester 1933; Chhibber 1934) were the first to write about the Sagaing fault. It was the alignment of several moderate to strong earthquakes from southern to northcentral Myanmar in the early 20th century that attracted their attention and led them to suggest the existence of a long active fault cutting across the active fluvial plains of central Burma. Nonetheless, the fault trace itself was not recognized and mapped until decades later (Win Swe 1970) . This initial delineation of the fault trace was based on field mapping guided by aerial photography. Subsequently more details of its geometry have been revealed through various field investigations and remote sensing studies (Le Dain et al. 1984; Myint Thein et al. 1991; Replumaz 1999; Tsutsumi & Sato 2009) .
The proximity of the Sagaing fault to several major cities and towns means that large numbers of people are at risk. In the south these cities include the Myanmar's new capital, Nay Pyi Daw, and the ancient capitals of Taungoo and Bago (previously called Pegu) . Yangon, the biggest city and largest economic centre in Myanmar, and until recently the country's capital, is only 36 km west of the fault trace. These cities have suffered significant seismic damage within the past millennium (Thawbita 1976) . The high degree of Earthquakes and slip rate of the sagaing fault 51 activity of the fault and its proximity to large populations makes the southern reach of the Sagaing fault a prime target for modern neotectonic, palaeoseismologic, seismologic and geodetic study.
Another important aspect of the Sagaing fault is its slip rate. Estimates vary by a factor of 2. Curray et al. (1982) inferred a longterm slip rate of 35.4 mm yr -1 , based upon spreading of 460 km in 13 Ma across the Andaman Sea spreading centre. Myint Thein et al. (1991) suggested just half that value, 18.5 mm yr -1 , assuming a later (11 Ma) initiation of rifting and a 203 km offset of a metamorphic belt near Mandalay. Bertrand et al. (1998) calculated a slip rate of between 10 ± 1 and 23 ± 3 mm yr -1 , from a 2.7 to 6.5 km offset of a 0.25 to 0.31 Myr old basalt flow in central Myanmar. Vigny et al. (2003) used 2 yr of GPS observations to estimate 18 mm yr -1 of elastic deformation across the central Sagaing fault. Meade (2007) estimated the rate using GPS observations in a block model for the Indian and Southeast Asian plates. His model suggests that the strike-slip rate between the Indian and Southeast Asian Plate is 17 and 49 mm yr -1 at across the central and northern Sagaing fault, respectively. His estimation represents the maximum value for the Sagaing fault if all of the strike-slip motions between the Indian and Southeast Asian Plate are concentrated along this single fault. Liu & Bird (2008) predicted a rate of 22-35 mm yr -1 on the Sagaing fault by using their kinematic model to fit the regional geodetic velocities, geological fault slip rates and stress directions.
Comparison of these slip-rate estimates shows that estimates for the central Sagaing fault (Myint Thein et al. 1991; Bertrand et al. 1998; Vigny et al. 2003) are slower than estimates from simplified tectonic models (Curray et al. 1982; Meade 2007; Liu & Bird 2008) , even if these models consider the slip partitioning between IndoBurma Range and Sagaing fault (Liu & Bird 2008) . Also, the rate seems to vary geographically. Rates across the central Sagaing fault are slower than the Andaman Sea spreading rate (Curray et al. 1982; Kamesh Raju et al. 2004) . This ostensible northward decrease in rate implies that about 2 cm yr -1 of the opening rate across the Andaman Sea spreading centre has been partitioned between the Sagaing fault and one or more other structures.
In this study, we reconstruct the offset and estimate the construction date of an ancient fortress, thereby enabling an evaluation of both the earthquake history and slip rate of the southern Sagaing fault. We further refine the fault's recent history through a palaeoseismological study within the fortress. This rate, averaged over just a few centuries, fills a gap in rates between geological rates averaged over more than a million years and geodetic rates spanning just a few years. Fig. 1(b) shows active tectonic features in southern Myanmar. This map includes primarily tectonic geomorphologic features deduced from analysis of 90-m-resolution SRTM and 15-m stereo ASTER VNIR images. Aerial photography at 1:25 000 and 1:50 000 scales also aided in our mapping along the western and eastern flanks of the Pegu-Yoma range.
A C T I V E T E C T O N I C S O F T H E S O U T H E R N S A G A I N G FAU LT A N D S U R RO U N D I N G A R E A

Structural overview of southern Myanmar
The distribution of active structures indicates that tectonic strain is accommodated not only by the Sagaing fault, but also by other structures in southern Myanmar. These active structures occur in three regions. The western and eastern edges of the Pegu-Yoma range and the western Shan plateau.
Along the western edge of the Pegu-Yoma range, west-facing scarps and slightly warped lateritic terraces suggest the existence of active contractional structures. These structures are mostly NNW trending, oblique to the orientation of regional compressional stress (Gahalaut & Gahalaut 2007) , as would be expected in a transpressional regime. The lack of active strike-slip structures along the western side of the Pegu-Yoma range suggests that mostly contraction perpendicular to the Sagaing fault is occurring there.
On the other side of the Sagaing fault, on the western Shan plateau, offset drainages along the major intraplate Mae Ping fault (Morley 2002) suggest recent strike-slip activity. Clear geomorphic evidence of recent activity occurs only along that section of the Mae Ping fault closest to the Sagaing fault. The youthful geomorphic expression of the Mae Ping fault implies that the Sagaing fault is not the only locus of strike-slip motion, and that strain partitioning is not as simple as it appears to be farther south, in Sumatra (Fitch 1972; McCaffrey 1991; Genrich et al. 2000; Sieh & Natawidjaja 2000; Chlieh et al. 2007 ).
Southern Sagaing fault
The southern Sagaing fault shows clear evidence of right-lateral offset, along the eastern edge of the Pegu-Yoma range. The fault forms a remarkably straight boundary between the Miocene-to-Pleistocene sediments of the Pegu-Yoma range and Holocene sediments of the fluvial plain. South of 18.5
• N, the fault's geomorphology varies markedly along strike. Between 18.5
• N and 17.5
• N, well-aligned offset stream channels, linear valleys and linear scarps dominate. Right-lateral channel separations range from ∼500 m to 4 km. The length of these separations implies a long history of offset recorded by the landforms. South of 17.5
• N, the fault trace traverses predominantly the active fluvial plain of the Sittaung and Bago Rivers, whose deltas are still prograding southward. Meandering river landforms dominate tectonic landforms. In this region of very low and young topographical relief, the Sagaing fault's trace is marked intermittently by small west-facing scarps and N-S trending tectonic ridges. The rapid construction of this fluvial landscape and the fact that fluvial features are nearly parallel to tectonic landforms make it difficult to identify clear tectonic landforms.
The trace of the Sagaing fault changes strike by about 10 • at 18
• N. This sharp kink results in a local transpressional environment, as evidenced by minor contraction structures on the eastern fluvial plain.
The NEIC/USGS global earthquake catalogue (magnitudes greater than 4 since 1973) shows a non-uniform distribution of background seismicity along the southern Sagaing fault. Epicentres cluster around the kink at 18
• N. Global CMT solutions suggest that the fault plane strikes ∼355
• south of and 335
• north of the fault bend, which is consistent with the change of fault orientation at the surface. Moderate earthquakes north and south of the kink are rare in the catalogue; thus the cluster of recent activity may mark highly coupled sections to the north and south.
1930 May Pegu earthquake and 1930 December Pyu earthquake
Two major earthquakes occurred in rapid succession along the southern Sagaing fault in the 20th century. The Pegu earthquake, which shook the region violently on 1930 May 5, had an estimated magnitude (M s ) of 7.2 (Pacheco & Sykes 1992) . The Pyu earthquake, which occurred just 6 months later on 1930 December 3, had a similar magnitude (M s 7.3), but was most severe farther 52 Y. Wang et al. north. Grey dashed lines in Fig. 1(b) surround the regions of highest intensity (Rossi-Forel VIII-IX; Brown et al. 1931; Brown & Leicester 1933) . This corresponds to Modified Mercalli intensities of VII-IX (Wood & Neumann 1931) .
For both earthquakes, Rossi-Forel intensity IX extends about 60 km along the Sagaing fault. The Rossi-Forel intensity VIII zones are also parallel to the trend of the fault. The southern (Pegu) earthquake has a smaller and narrower region of intensity VIII than the northern (Pyu) earthquake. Also, the northern and southern terminations of the intensity VII zone are close to the edge of intensity-IX zone, which shows the rapid northward and southward decaying of the seismic intensity during the Pegu earthquake.
Study of recent earthquakes suggests the distribution of Modified Mercalli intensities >VIII coincides with the length of the seismic surface rupture (i.e. Sokolov & Wald 2002) . Hence, we believe the high intensities of the Pegu and Pyu earthquakes likely represent the maximum lengths of their fault ruptures.
Although most of the southern Sagaing fault experienced high intensities during these two events, a section of lower intensity exists between 17.5
• N and 18
• N. This implies that at least a 50-km section of the fault between the two events of 1930 did not rupture during either of these two earthquakes.
Offsets along the Pegu section
From 2008 April to 2009 March, we conducted a series of field investigations to map the trace of the southern Sagaing fault and the possible surface rupture during the Pegu earthquake. We focused on the area between 17.5
• N and 17.2
• N, where the intensity of the Pegu earthquake decreased dramatically northward. Along this section, we also tried to collect stories of the earthquake in every village along the fault trace to determine whether or not offsets we found in the field formed during the earthquake. The interview records and field photos are included in the Supporting Information (Tables S1 and S2). Our work was a complement to that of Tsutsumi & Sato (2009) , who conducted a similar survey farther south (from 17.2
• N to 16.5
• N). Our and their work allows us to make a more complete interpretation of slip during the Pegu earthquake of 1930. Fig. 1(c) shows measurements of small dextral offsets along the southern Sagaing fault, deduced from our combined field observations. The y-axis spans ∼100 km of the Sagaing fault that experienced high seismic intensities during the Pegu earthquake. Measured offsets range from ∼20 m to less than 1 m. The lack of large offsets south of ∼17
• N likely reflect the southward-decreasing age of the southward-prograding fluvial plain. Local minimum offset values form a bell-shaped distribution centred at ∼17
• N. This distribution is comparable in form to the pattern of the seismic intensity along the fault during the Pegu earthquake. Therefore, we suggest that these horizontal offsets are coincident with the Pegu earthquake, the most recent large earthquake in the region.
O F F S E T A N C I E N T S T RU C T U R E
The Payagyi ancient fortress
15-metre resolution ASTER visible and near infrared (VNIR) imagery and 1:25 000 aerial photos show that the Sagaing fault cuts through a rectangular earthen embankment west of Payagyi, 16 km north of Bago (Fig. 2a) . The age and offset of this man-made feature offers a great opportunity to constrain the fault slip rate along the Pegu section of the Sagaing Fault. Tsutsumi & Sato (2009) also documented this offset ancient structure, but they were unable to measure the amount of displacement directly in the field.
There is no direct historical evidence that clarifies the function and the age of this feature. However, circumstantial evidence suggests it is either a fortress/stockade, or the temporary palace for royal usage. If the rectangular embankment is a military fortress (the standard military device for attackers and defenders in the history of Myanmar), then its construction could have occurred during 15th to 17th century. This was time of great military activity in the region, and Pegu (Bago) was wealthy enough to build outlying defences such as this one. It is also possible that the structure was built in mid-18th century, when Pegu was besieged, before being conquered by the Burmese King Alaungpaya in 1755-1757 (Harvey 1925) . Both offensive and defensive sides built more than 40 stockades at that time, but mainly south of Pegu (Bago). Since there was also a second Alaungpaya army advancing from Taungoo in the north, this structure might have been built to defend Pegu from this northern troop.
Alternatively, the embankment might have served as a temporary palace to guard their religious treasures, built in 1574 or 1576, during the construction/renovation of the Payagyi Pagoda, 1.5 km to the east. The construction of a temporary palace is mentioned by U Kala, who wrote about Burmese history in the early 18th century. The English translation of his description is included in the Supporting Information (Table S3) .
Archaeological materials found during our survey support, but do not prove, a 15th-16th-century date of construction. We found fragments of celadon pottery characteristic of 15th-16th-century Thai and Burmese ceramic production (Bob Hudson, field conversation, 2008) within the confines of the ancient structure. Although these fragments were found on the surface and were disturbed by the modern cultivation, they still suggest that there was human activity in this area in the 15th-16th centuries. It is reasonable to hypothesize that the construction of the embankment occurred then.
The trace of the fault is clearly demarcated geomorphologically from the northern wall through about the northern two thirds of the interior of the feature (Fig. 2b) . The southern intersection of the fault trace and the fortress wall has been destroyed by construction of a modern E-W road.
The northern intersection is readily apparent in high-resolution satellite imagery and the 1:25 000 aerial photos, but it is difficult to estimate the right-lateral offset. The fault trace inside the ancient fortress wall aligns well with other tectonic features north and south of the fortress (Fig. 2b) . Its northern extension corresponds to the western edge of a tectonically warped terrace, which blocks an eastward flowing stream, resulting in the creation of a sag-pond north of the fortress. The fault scarp is unclear near the southern fortress wall, but probably runs under the E-W running dirt-road. Farther south, the Sagaing fault is also unclear on the young floodplain but probably corresponds to the western edge of a deformed terrace.
Estimation of offsets
In the summer of 2008 and spring of 2009, we used a total station to map the topography of the ancient fortress in order to estimate the offset of the northern fortress wall. Our survey allowed us to construct a 50-cm-resolution digital terrain model (DTM) within the fortress walls (Fig. 2c ). This digital topography provides a crystalclear image of not only the fault scarp south of the northern wall but also the geometry of the wall. The fault scarp height decreases from ∼1.4 m at the northern wall to ∼20 cm 270 m to the south. The change of scarp height is an indication that the vertical component of slip varies along strike, a common observation along strike slip faults (Yeats et al. 1997) . The northern fortress wall has been obliterated in the vicinity of the fault trace but is still clear on either side. The topographic saddle between the eastern and western section of the fortress wall may be the result of fluvial erosion after tectonic damage.
Estimation of offset on the northern fortress wall is complicated by the fact that the separation of the northern edge of the wall differs markedly from the separation of the southern edge. The width of the wall east of the fault is greater than that west of the fault. This width disparity may result from greater post-offset sedimentation on the downthrown western section of the wall. We tested this hypothesis by studying the stratigraphy in four pits dug through the wall (1-4 in Figs 2c and 3) . In each excavation, we identify the contact between the wall and the underlying original sediment (Fig. 4) . Each pit exposes a section of manmade fill, consisting of massive yellowish silt to sand with very small amounts of reddish brick and pottery fragments. This fill overlies layers of organic-rich clay to silt and less-organic brown silty sediments. Except for the organic-rich layer, it is not easy to correlate the natural sediments in these four pits. Such spatial variation in floodplain deposits is not uncommon. The organic-rich layer in these pits usually shows a sharp upper and a gradational lower boundary. These characteristics suggest an immature soil that was buried rapidly by construction of the earthen wall.
We found one charcoal fragment in Pit-1, in the floodplain sediment 15 cm below the base of the wall (Fig. 5) . Radiocarbon analysis yielded an age of about 4514 BP. However, another radiocarbon age, 32 cm below the base of the wall in Pit-1 ranges from 1210 calendar years (C.E.) to 1390 C.E., with 1210-1300 C.E. being the most likely range (Table 1) . Since this younger age should predate the date of fortress construction, the implied date of construction of the fortress wall is during or after the 14th century.
Note that the base of the fortress wall is about 30 cm below the ground surface west of the fault. This indicates a small amount of sediment has accumulated and slightly narrowed the width of the wall. The profile of the upthrown, eastern side does not show an accumulation of post-construction sediment (Fig. 3) . Instead, we found evidence for about 1.5 m of erosion north of the wall. Sedimentation to the west of the fault and erosion to the east of the fault require a more careful reconstruction of the offset than a simple matching of the modern topography of the embankment.
To estimate the amount of offset, we first restore the geometry of the fort wall on the downthrown (west) side of the fault by removing the post-construction deposit (Fig. 5) . The two pit walls on the downthrown side show the elevation of the ground surface prior to wall construction. We then extend the fort wall profiles to the pre-wall ground. We also restore the pre-wall topography of the northern side of the fort wall on the upthrown (east) side by replacing the eroded post-constructional sediment. The estimated edge of the fort wall highly relies on the slope we chose to represent the original wall shape. Here we choose a slope range from 7.5
• to 20
• , with the maximum slope close to the typical angle of repose for silt (19 • ; Cobb 2009) Fig. 5 shows the final restored geometries of the fortress wall. The restored fortress wall geometries are similar to each other. Both east and west of the fault, the embankment crest is closer to the northern edge of the embankment than to the southern edge. Also, the height of fort wall east of the fault is similar to its height west of the faultabout 3 m. The widths are also similar: 37 m wide east of the fault and 30.5-35-m-wide west of the fault. The widths of the fort wall 1.5 m above the original ground surface are identical, about 22 m. These similarities support our restoration of the original topography of the embankment near the fault trace.
To estimate the amount of offset recorded by the northern embankment, we select its three clearest piercing points. Its northern base, the southern base, and the crest. Measured perpendicular to the embankment's trend, these three features are separated 4.6-6.9, 5.8 and 8.8-11.7 m across the fault. To determine the equivalent (Fig. 3c) . Blue and red arrows indicate the base of the fortress wall and ground surface prior to construction. Light-grey arrows show the projected elevation of modern topography from inside and outside of the fortress.
three offsets, we must make a trigonometric correction, to measure the offset parallel to the fault trace. This correction is the cosine of the angle between the orientation of the fault (180 • ) and the profiles (157
• ). Both the separations and the derived offsets appear on Fig. 5 . The estimates of separation are less precise for the base of the embankment, because of the uncertainty in extending the topographic profile of the wall downward to the original ground surface. The northern and southern walls display separations of 5-7.5 and 9.5-13 m, respectively (Fig. 5) . The matching of the crest gives a more precise estimate of 6.3 m. The separation of the southern base of the fort wall is almost twice as large as the other two measurements. This is most likely the result of agricultural modification. A local farmer claimed that other farmers modified the southern base to create a paddy field about 20 years ago. They dug into the southern slope of the embankment on the upthrown side and used the sediment to create a small but elevated paddy field. As a result, the current southern edge of the embankment is 4-5 m further south than its original position. In light of this history of modification, we discard the 9.3-13 m estimate of separation for the southern flank of the embankment. Fig. 6 depicts the history of the embankment at its northern intersection with the fault. First, the perfectly linear embankment appears on undeformed fluvial plain across the Sagaing fault. Next, oblique slip of the Sagaing fault offsets it. During subsequent rainy seasons, eastward-flowing flood-waters deposit sediment onto the downdropped surface west of the fault. These flood-waters also eroded the faulted wall and surface east of the fault. Repetition of this process not only reduced the height of the fault scarp, but also reduced the apparent horizontal offset on the northern flank of the fort wall and enlarged the apparent horizontal offset on the southern flank of the fort wall.
Offset reconstruction
With this working scenario, we further carry out a simple simulation to estimate the horizontal offset more precisely (Fig. 7) . The idea of this simulation is to balance any vertical topographical change after the construction. This simulation also allows us to examine the fault separation derived from the previous section (Section 3.2). We first subtract 1.5 m of elevation from the uplifted surface of the eastern section (Fig. 7b ). This step removes the elevation difference due to faulting. We then add back about the same amount of sediments to the eastern section to make up for the sediment surplus and lost due to the post-constructional deposition and erosion (Fig. 7c ). This step eliminates the influence of differential sedimentation. At the last step, we can offset the eastern profile back to visually match the western profile, and determine the horizontal offset (Figs 7d and e) .
The visual matching of the overall fort wall profiles (Figs 7d and e) suggests a separation of 4.8-5.8 m, which corresponds to a fault offset between 5.2 and 6.3 m. This estimation is slightly smaller than the previous estimations made by matching the crest and the base of the fort wall (5-7.5 m). The advantage of this simulation method is that it is not reliant on matching the southern flank, which has been modified by farmers. The only thing that matters is the fort wall geometries on both sides of the fault. This result also confirms our interpretation that the fault separation estimate from the southern base of the fort wall is too large. Thus, the Sagaing fault offset that is recorded by the fortress wall is between 5 and 7.5 m, most probably ∼6 m.
PA L A E O S E I S M O L O G I C E X C AVAT I O N I N T H E A N C I E N T F O RT R E S S
A trench across the fault ∼300 m south of the northern fort wall reveals a partial post-embankment earthquake history. The location of this hand-dug trench is shown in Fig. 2(c) . The fault scarp across the paddy fields there is 10-20 cm high. Contrasts in sediment colour and grain size are faint in this trench. Most sediment is silt and clay, which we interpret as overbank deposits. These sediments are also strongly bioturbated, so few sedimentary contacts are apparent in either wall of the trench. These sediments are therefore far from optimal for providing a detailed palaeoseismologic history. Fig. 8 is a map of the southern wall of the trench. This map shows six main sedimentary units: a topmost grey to orange mottled massive silt (a), a massive medium grey mottled clayey silt deposit (b), a dark organic-rich clay (h), a med-grey pedogenic clayey silt that is rich in dark, hard nodules (b1), a clayey silt layer that is rich in brick fragments (g) and a massive silty clay layer (e). All of these units exhibit extensive bioturbation, predominantly by crabs, which can penetrate from the ground surface to depths as great as 2-3 m. Sediment fills some of the crab burrows; other burrows are hollow but have 5-to 10-mm-thick clay films lining their walls. We have mapped the burrows where they are clearly visible, but other burrows may have gone unrecognized. Overlying all other units exposed in this trench is a massive cultivated silty layer. This deposit, labelled as layer (a), consists of a 20-40 cm thick, grey to orange mottled massive silt. The topmost part of layer (a) is a 2-cm-thick light-grey loose silt, uniformly distributed on the paddy field and the paddy field boundary. This thin layer of silt is the most recent suspension deposit from flooding in the rainy season. Layer (a) is thicker on the northeastern side of the trench than it is on the southwestern side of the trench. It is because the northeastern side of the trench cuts across the paddy field berm, so the surface elevation of the northeastern side reflects the height of paddy field boundary, not the height of a fault scarp.
Sedimentary units in the trench
Unit (b) underlies the cultivated layer (a). This dry massive clayey silt layer is harder than overlying unit (a) and is distinctly darker. Unit (b) is about 40-60 cm thick and is composed of massive medium grey mottled clayey silt with very rare submillimetres to millimetre brick fragments. These fragments usually appear as dark-red to orange specks. The thickness of unit (b) increases gradually towards the northeast. Although the contact between units (a) and (b) is gradational over ∼5 cm, it is clear that the contact is ∼10 cm higher on the northeastern side of the trench than on the southwestern side. This contact may reflect the topography of the ground surface before it was modified to form the modern paddy field. Unit (h) underlies unit (b) and is the most notable unit in the trench. This 8-cm-thick organic unit (h) is dark-grey organic clay. The unit has a sharp upper contact with overlying unit (b) and a gradational lower boundary marked by a colour change. This morphology suggests it is a topsoil layer that was later buried by deposit (b) and (a). Its upper contact is coincident with the uppermost occurrence of hard, black Fe-Mn-rich soil nodules.
Under the thin palaeosol is the med-grey mottled massive clayey silt. We mark this layer unit (b1), because its composition is similar to that of unit (b). Hard, black Fe-Mn soil nodules are common within this unit but do not exist in unit (b). These subangular to rounded hard nodules are usually smaller than 7 mm in diameter.
This unit also contains a very small percent of brick fragments that range in size from about 3 to 7 mm. These fragments increase upward in concentration, to about 20 per cent at the top of the unit. This characteristic of the unit is distinct throughout the trench exposure, so we separate the brick-rich band as another mappable unit, (g). The size of these subangular brick fragments ranges from subcentimetre to more than 5 cm. In none of these fragments is the original shape of the bricks preserved. Many fragments of charcoal co-exist with these fragments. The structure of the charcoal indicates it is the product of the burning of wood. These 5-mm to 1-cm-size pieces are commonly subrounded to rounded, which is an indication that they have been transported by water from their source, either a campfire or a burning timber.
Radiocarbon ages of charcoal from close to the upper and lower contacts of unit (g) (samples P814 and P801 in Table 1 ) are 990-1180 C.E. (Table 1) .
The lowest unit exposed in the trench unit (e) is undifferentiated massive silty clay. This deposit consists of light grey to orange mottled silty clay, with thin lenses of light orange silty sand near the base of the trench. The hard, dark Fe-Mn nodules are also abundant in this deposit. Their concentration in this unit is similar to that in the overlying two layers. Rare small fragments of brick exist in the upper 25 cm of this deposit. We recovered several pieces of charcoal in this unit. They were angular to subangular rectangular forms, with woody cellular structures preserved. Radiocarbon analyses of charcoal from the upper part of unit (e) (samples P807, P805, P806 and P809 in Table 1 ) yield ages similar to those of samples in unit (g), 990-1230 C.E. A single radiocarbon date from several charcoal clasts (P811) at the base of the trench, yielded much older age (750-100 B.C.E.).
The fact that the radiocarbon ages of seven samples of charcoal from different strata within the trench are similar (990-1230 C.E.) suggests two possible interpretations. Either all these units below palaeosol (h) formed in two hundred years or less, by very rapid deposition of very fine grain material, or their charcoal originated from material with that range in ages. In the former case, the strata would be well dated by the charcoal ages. In the latter case, the dates of sedimentation are the same as or younger than the charcoal ages.
The fact that all seven samples yielded older ages than the age of organic material (PYG0101a in Table 1 ) under the fortress wall is important in interpreting the date of construction of the embankment. If these dates represent the age of the strata, brick-rich layer (g) is at least 200 years older than the fortress, and we might expect to observe another cultural layer above unit (g), related to the fortress construction. However, no such cultural horizon exists above the brick layer (g). Thus, we suggest these fragments originated upstream as burned construction timbers. Traditional Burmese buildings were constructed of timber and brick. This style of construction still existed in the 16th century royal palace in Bago. If the embankment served as military defence structure within the same period, we would expect to find the remains of similar construction materials within the confines of the ancient walls. The mixture of brick and charcoal fragments in the trench strata lend support to this hypothesis. Therefore, it is reasonable to interpret these fragments of charcoal as the cooled embers of construction timbers that were burned during or after the destruction of the fortress and were later transported and buried at the trench site. Thus, we suggest that the radiocarbon ages of these fragments are greater than the depositional age of these sediments.
Fault traces on the southern trench wall
We found two plausible faults in the southern wall of the trench, which extend above the brick-rich unit (g) (I and II in Fig. 8) . Because all of the faulted strata are extensively burrowed and have lost their fine structure, we cannot recover many details of the faulting, including any minor faults in the wall of the trench. Thus, our interpretation of faulting relies principally on changes in elevation of stratal contacts.
Fault I is the younger of the two. Units (g) and (h) have an abrupt 8 cm vertical discontinuity across Fault I. Bioturbation obscures the upward termination of the fault in unit (b). There is no direct evidence that Fault I breaks the upper contact of unit (b). However, that contact does have an elevation change of several cm across the upward projection the fault. Moreover, the thickness of unit (b) is not greater on the downthrown side, which suggests it did not form after faulting.
Fault II is the older of the two faults. It disrupts the brick layer (g) but does not appear to affect overlying palaeosol (h). Its sense of vertical separation is towards the east, opposite the direction of the fault scarp visible in the topography. The youngest rupture of Fault II clearly post-dates deposition of brick-rich layer g. However, it must antedate the formation of palaeosol h, since Fault II does not disrupt the palaeosol.
Two other features may also indicate a rupture between the formation of units g and h. The funnel shape of the lower contact of layer (g) east of the fault could reflect filling of a ground fissure that formed before the formation of palaeosol (h). The U-shape downward protrusion of unit b1 into unit e might also indicate a fissure that formed between deposition of units g and h. If these are, indeed, the result of faulting between deposition of units g and h, the simplest hypothesis is that they formed at the same time as the scarp of Fault II.
Fault I may have last moved during either the 1930 earthquake or during an earlier rupture, or both. It is conceivable that the small vertical separation at the base (and possibly the top) of unit b reflects minor slip near the northern terminus of the 1930 rupture. If the top of unit b is not disrupted, it is also possible that Fault I broke during a rupture earlier than 1930. There are no local farmers old enough to attest to effects associated with the 1930 earthquake and we found no datable materials in unit b to constrain the date of the rupture.
Fault II broke after the formation of brick layer (g) but before the formation of palaeosol h. Assigning a date to this rupture depends upon one's interpretation of the age of these two units. We have hypothesized that radiocarbon dates from charcoal in that layer and layer b1 are older than the units themselves, having come from campfires or burnt timbers upstream. We also hypothesize that the brick-rich layer g is associated with the destruction of the fortress. If these hypotheses are correct, then Fault II ruptured either during or after destruction of the ancient fortress. In summary, these two fault ruptures suggest two or more faulting events, possibly including the 1930 earthquake, after the destruction of the fortress.
D I S C U S S I O N
The age of ancient fortress
The radiocarbon dates from charcoal within and beneath brick-rich unit (g) provide an oldest plausible range of dates for construction of the fortress-990-1230 C.E. Celadon potteries that we found in nearby paddy fields were produced in the 15th or 16th century (Bob Hudson, field conversation, 2008) . Although these fragments were sitting on the modern, cultivated surface, their presence implies Figure 8 . Map of the southern wall of Trench 1. Grid is 50 cm × 25 cm. I and II mark two possible fault traces, which appear to extend upward to two discrete horizons. Thus, they may reflect the occurrence of two distinct events, between the time of the abandonment of the ancient fortress and the 1930 Pegu earthquake. Blue dots show the stratigraphic location of radiocarbon samples. The 2σ range of the ages is in calendar years (C.E.).
human activity at the site during the 15th or 16th century. The occurrence of only a single cultural horizon within the trench strata implies that the fortress operated only for a short period.
The youngest plausible date of construction of the Payagyi ancient fortress is 1634 C.E., the year that Bago ceased being the capital of the country. Its loss of importance at that time deprived the kingdom of any reason to build such a well-designed defensive structure nearby. Although Bago once again became the capital of the Mon people from 1740 to 1757 C.E. (Ooi 2004) , we found no archaeological evidence that the fortress had been used during this period.
The historical, radiometric and stratigraphic data thus imply that the ancient fortress was most likely built between 990 and 1634 C.E. Moreover, history tells us that only in the latter half of that period, between 1369 and 1634 C.E., was Bago the regional political centre of this area (Lieberman 1980; Ooi 2004) . It was the capital of the Mon kingdom from 1369 to 1539 C.E. and was the official capital of Burma from 1539 to 1599 C.E. and 1613 to 1634 C.E.
If this rectangular earthen structure 16 km north of Bago was built to protect the city, the timing of its construction and operation would thus have to fall between the mid-14th century and early 17th century. Furthermore, the rectangular earthen structure shares the same architecture form with the wall of Pegu city (also rectangular), which was built when Pegu was the official capital of the country between 1539 and 1599 C.E. (Fedrici 2004 ), so we believe the construction and use of this earthen structure would most likely also occur during this period, before the city of Pegu was ruined by the war.
This interpretation is not in conflict with the radiocarbon age of organic material under the fortress (PYG0101a), which constrains construction of the embankment to after a date in the range of 1220-1300 C.E. Also, it is not in conflict with the history recounted in the introduction, in which we suggest that the structure could have been built in 1574 C.E. for temporary royal use.
Late Holocene slip rate along the southern Sagaing fault
We can now use the constraints on the age of the embankment to constrain the slip rate of the Sagaing fault over the past few hundred years. The 5-7.5 m offset of the northern fortress wall has accrued since a date in the range of 1369 and 1634 C.E. Dividing the range of offsets by the range in dates yields a range in slip rate of 8-20 mm yr -1 . If we assume a tighter range in construction dates, 1539-1599 C.E., when the city of Pegu was the official capital of the country, the range of fault slip rate narrows to 11-18 mm yr -1 . We favour a slip rate of 14 mm yr -1 , calculated by dividing the best estimate of offset, 6 m, by the age of the embankment, assuming it was built for temporary royal usage in 1574 C.E.
This fault slip rate is, of course, an aliased estimate, in that we have not considered where in its seismic cycle the fault was at the time of embankment construction or is now. Our slip rate is comparable to two slip-rate estimates 500-550 km further north along the fault (Bertrand et al. 1998; Vigny et al. 2003) . The similarity of our estimate to theirs implies that the slip rate does not vary appreciably from 23
• N to lower Myanmar (17.5
• N). If the slip rate along the Sagaing fault varies significantly at different latitudes, we should have observed other subsidiary structures to accommodate the differential slip rates along the Sagaing fault. The lack of such structures along the Sagaing fault is consistent with our interpretation of no significant rate difference between the central and southern Sagaing fault.
The similarity also implies that the averaged slip rate has been time-invariant for the past quarter million years (Fig. 9 ). Our Thein et al. (1991) , Bertrand et al. (1998) , this study and Vigny et al. (2003) . For the fault slip rate from this study, the thick red line indicates the range of fault slip rate based upon construction of the ancient fortress between 1539 and 1599 C.E. Blue coloured boxes show the slip rate predictions from a block-motion model and a general transform-fault model. Green box is the spreading rate at the Central Andaman sea spreading centre (38 mm yr -1 , Kamesh Paju et al. 2004) . Slip rates based upon the block model are much greater than the slip rate of the Sagaing fault.
Earthquakes and slip rate of the sagaing fault 61 slip-rate estimation is not only similar to the current rate from the short-term geodetic observation across the central Sagaing fault (Vigny et al. 2003) , but is also similar to the long-term averaged slip rate estimated by Bertrand et al. (1998) at the offset Singu basalt flow, in central Myanmar. Myint Thein et al. (1991) also suggest a similar averaged rate, 18.5 mm yr -1 , based upon a metamorphic belt offset across the central Sagaing fault. Although they did not have a solid constraint on the timing of fault initiation, the similarity of their result may imply little or no variability over an even longer interval-10 Myr. All four of these estimates are slower than those inferred from broader-scale models (Curray et al. 1982; Meade 2007; Liu & Bird 2008 ). Meade's microplate model does not include an active convergent boundary (megathrust in Fig. 1 ) between the Indian and Burma Plate. Therefore the difference between his rate prediction and these slip-rate estimations could result from the slip partitioning between the Sagaing fault and the megathrust or from deformation within the Burma Plate. On the other hand, Liu and Bird's kinematic plate model does consider a separate Burma Plate. However, their model also predicts a higher Sagaing fault slip rate than other geological and geodetic estimations. Again, this disparity suggests that either there is significant deformation within the Burma Plate or that the initial fault-slip parameters in their model are inappropriate.
Another issue is the difference between the spreading rate in the Andaman Sea Basin (38 mm yr -1 ) and the observed slip rate on the Sagaing Fault (Fig. 9) . We can explain this difference again by internal deformation of the Burma Plate, and/or by plate rotation. Gahalaut & Gahalaut (2007) demonstrate how plate rotation and plate geometry affects the fault slip rate in this area. Their model shows a nearly constant 16-17 mm yr -1 fault slip rate along the Sagaing fault, which agrees with the rates derived from faultcrossing studies. However, their parameters predict a much lower spreading rate (21 mm yr -1 ) in the central Andaman Sea spreading centre than the rate that previous study suggests (38 mm yr -1 , Kamesh Raju et al. 2004) . Despite this disparity, their result still points out that part of the slip rate disparity between the spreading centre and the transform fault may result from the relative plate rotation between Burma and Sunda plates. These discrepancies in rates show that more attention needs to be paid to the possibilities of internal deformation and the relative motion of the Burma Plate.
Seismic potential and behaviour of the southern Sagaing fault
In this last section of the paper, we will discuss the seismic potential of the southern Sagaing fault. We will also construct speculative fault slip scenarios along the southern Sagaing fault for the past 500 years. We use the meager evidence from the Payagyi fortress trench, measurements of fault displacement associated with the 1930 May earthquake, intensities from the 1930 December earthquake and the history of damaging earthquakes from nearby cities to construct our fault-slip scenarios. This exercise helps us evaluate the future seismic potential of the southern Sagaing fault.
The pattern of surface rupture associated with the Pegu earthquake in 1930 raises an interesting issue concerning the fault-slip behaviour of the southern Sagaing fault. Since the slip distribution curve has a bell-shaped pattern and the active fault trace continues both to the north and south of the rupture (Fig. 1c) , the 1930 rupture cannot be representative of all ruptures along that portion of the fault. Along at least a 50-km-long section of fault between 17.5
• N, shaking intensity was low during the last two significant earthquakes in the region, the Pegu (M s 7.2) and Pyu (M s 7.3) earthquakes in 1930. This section of the fault is either locked or creeping. In either case, it did not fail during the 1930 sequence. Not only does this section lack moderate seismicity in the global seismic catalogue over the past three decades, but local villagers we interviewed also claimed that they had only experienced two to three earthquakes in their life time. These observations suggest that this section is, indeed, locked. The 50-km length of this section implies that it is capable of generating an earthquake of M 7+ (Wells & Coppersmith 1994) . Judging from the fact that this section did not fail during the 1930 sequence, it is a reasonable candidate for the next seismic rupture of the southern Sagaing fault. Although we lack palaeoseismological and geodetic data along this fault section that would aid in forecasting its long-term seismic potential, we may still provide a reasonable speculation about its seismic behaviour by constructing fault slip scenarios that match our observations along the southern Sagaing fault.
Here we favour a variant of the uniform fault-slip model to explain the slip history of the southern Sagaing fault over the past 500 years. Tsutsumi & Sato (2009) and this study show that the surface displacements near 17
• N are close to 3, 6, 9 and 13 m (Fig. 1c ). Although these field observations are sparse, mostly because small tectonic landforms have been easily destroyed over the centuries by flooding and agricultural activities on the active fluvial plain, they still seem to indicate that fault slip along the central portion of the 1930-rupture is close to 3 m. This bell-shaped pattern of these smallest offsets supports a uniform slip model for fault-slip behaviour along the southern Sagaing fault.
We propose two fault-slip scenarios for the southern Sagaing fault. These scenarios cover the straight section of the fault trace from 16.5
• N to 18
• N. For the purpose of constructing these speculative scenarios, we assume that the bend in the Sagaing fault at 18
• N, which has an unusually high degree of background seismicity, is a low-coupled patch that presents a natural northern limit to large seismic ruptures (Fig. 1b) .
Next, we use field measurements of small tectonic offsets, our palaeoseismological results at the fortress, historical earthquake accounts and seismic records from the cities of Bago and Yangon to constrain the earthquake rupture history of the past five centuries. The dates of historical earthquakes after 1564 C.E. come from several different sources (Milne 1911; Chhibber 1934; Thawbita 1976; Saw Htwe Zaw 2006; Win Swe 2006) . To identify only those events that are likely to have produced large surface offsets, we use only the dates of earthquakes that appear in more than one account (Table 2) . We attempt to discriminate further the smaller from the larger events by using other available information. For example, the 1917 earthquake appears in several local catalogues but not in any instrumental catalogues. Moreover, stories we collected from villagers also suggest shaking in 1917 was weaker than in 1930, both north and south of Bago (Table S1 ). Therefore, we interpret the 1917 event to be moderate in size, and discount the possibility of large surficial fault slip on the Sagaing fault.
The age of the Payagyi ancient fortress and our palaeoseismology evidence for the number of fault ruptures since its construction also help us constrain the earthquake history. The fortress was most likely built in 1574 C.E. and has been offset by at least two earthquakes (three if one allows the possibility that a small amount of slip occurred there during the 1930 earthquake). Furthermore, our best estimate of total offset of the fortress wall is 6 m, which constrains the cumulative slip since 1574 C.E. there.
All of these constraints on earthquake rupture history have gone into the construction of Scenario-1 (Fig. 10a) , which also Caltech Tectonics Observatory and later by the Earth Observatory of Singapore (EOS), Nanyang Technological University, Singapore. This is Caltech Tectonics Observatory contribution 140 and Earth Observatory of Singapore contribution 12.
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